Purpose The objectives were to test how the source of oocytes and semen impacted vitrification of large numbers of bovine oocytes and subsequent IVF and early embryo development to test procedures that may assist with assisted reproductive technologies in humans. Methods Bovine oocytes were vitrified from follicles of different diameters, small (≤4 mm) and medium (4 to 10 mm), using nylon mesh. Oocytes were exposed to the cryoprotectant composed of 40% (v/v) ethylene glycol, 18% (w/v) Ficoll-70, and 0.3 M sucrose in three stepwise dilutions. Thawing was conducted with a series of 0.5, 0.25 and 0.125 M sucrose dilutions in 20% fetal bovine serum. Results The cleavage (39.1% vs. 58.5%) and blastocyst rates (5.1% vs. 22.9%) were significantly lower for the vitrified oocytes. Follicle size had a significant impact on the development of embryos. Sires had significant effects on embryonic developmental rates. Conclusions We conclude that differences in development exist due to follicle source and sire used for IVF after vitrification.
Introduction
Cryopreservation of oocytes is difficult in most animal species because of their large volume, high sensitivity to cooling, low surface area to volume ratio, high water content and low hydraulic conductivity [1] . Progress in the development of protocols for cryopreservation indicated that vitrification at an ultra rapid cooling rate is a promising approach for oocyte cryopreservation [2] [3] [4] . Problems currently associated with cryopreservation of bovine oocytes are the source of oocytes, stage of maturation, cumulus cell investment, osmotic stress, and chilling sensitivity [5] . A major source of bovine oocytes is from abattoir ovaries and the abattoir material is very heterogeneous, since oocytes are punctured from follicles of different sizes. Follicle diameter was widely used as a selection criterion and a relationship between follicle diameter and oocyte developmental competence was established in cattle [6] . The ability of oocytes to complete all stages of development and to support freezing was related to follicle size [7] and consequently to the size of the oocyte [8] .
There are a number of problems associated with vitrification of oocytes at different meiotic stages of maturation. The degree of oocyte maturation, from the germinal vesicle stage to the meiosis II (MII) stage, affects survival post-vitrification [9] . A significant increase in the diploid cells after maturation was reported [10] when oocytes were vitrified before (0 h) or after 8 h of the onset of in vitro maturation compared to those vitrified 12 or 22 h after the onset of maturation. Cryopreservation of large numbers of oocytes within a short period of time, ease of manipulation during cryopreservation and recovery, effects of cumulus cells on oocyte survival, and elimination of potential hazards of contamination were goals that were achieved with a modified method of vitrification using nylon mesh [11] .
In vitro fertilization can be used to evaluate bull fertility [12] . Correlations of cleavage and embryo production rates (IVF outcome) to the fertility of bull semen were reported [13] [14] [15] . The estimated relative conception rate (ERCR) is a measure of the fertility of an individual sire and is predictable and repeatable over the productive life of a sire used in artificial insemination (AI) programs, if sufficient data have been collected [16] . The ERCR-predicted fertility value is a 70-d non return to estrus rate of an AI service relative to the service sires of herd mates.
The overall objectives were to test whether or not the source of oocytes and semen impacted vitrification of large numbers of cumulus-intact bovine oocytes and subsequent IVF and early embryo development to test procedures that may assist with assisted reproductive technologies in humans. The success of vitrification was determined by subjecting vitrified-warmed oocytes to IVF and comparing fertilization and subsequent embryo development to those of fresh oocytes.
Materials and methods
The ERCR was calculated by USDA and relative values were assigned to 4 bulls on the basis of the field fertility, non-return to estrus rate at 70 d after AI. Bull I was rated 1; Bull II was −3; Bull III was 2; and Bull IV was −3. The data were obtained from Dairy Records Management Systems (Raleigh, NC) as of February 2007.
Collection of germinal vesicle-cumulus oocyte complexes
Two to 10 mm sized follicles were aspirated from abattoir obtained ovaries (Brown Packing Co Inc., Gaffney, SC) of cows of unknown reproductive status with a 10 cc syringe and 20 gauge needle into 2 labeled 50 mL conical tubes. The oocytes from follicles of different diameters, small (≤4 mm) and medium (4 to 10 mm) size were isolated and collected separately.
In vitro production of embryos Maturation of oocytes was performed in tissue culture medium (TCM-199, Gibco Life Technologies, Inc.; Grand Island, NY) supplemented with 0.02 U/mL FSH (SigmaAldrich, St Louis, MO), 0.01 U/mL LH (Sigma-Aldrich), 1 µg/mL 17 β-estradiol (E2; Sigma-Aldrich), and 10% fetal calf serum (FCS; Gibco Life Technologies, Inc.) in a humidified atmosphere of 5% CO 2 in the air at 38.5°C for 24 h [17] .
For IVF, frozen semen from 4 bulls that were classified according to their ERCR was used. Two straws of semen were thawed in a water bath at 37°C for 1 min. Motile spermatozoa were separated by a modified swim-up technique [18] in synthetic oviduct fluid (SOF) supplemented with 25 mM HEPES (SOF-H), FCS (2%), and sodium pyruvate (0.1 mg/mL; Sigma-Aldrich). After washing and centrifugation (700×g for 10 min), spermatozoa were resuspended to a final concentration of 1×10 6 /mL. Following maturation, oocytes were washed in SOF-H medium and placed into 47 µL SOF for IVF (SOF-IVF) medium drop (10 oocytes in 1 µL SOF-IVF per drop) supplemented with 10 µg/mL heparin sodium sulfate (Sigma-Aldrich) and BSA (8 mg/mL; Sigma-Aldrich) and 2 µL of the sperm cell suspension was added to each microdrop of SOF-IVF medium (final volume of 50 µL and final concentration of 1×10 6 spermatozoa/mL [19] . After 18 h of the oocyte and sperm cell incubation in a humidified atmosphere (5% CO 2 in air at 38.5°C) presumptive zygotes were denuded of cumulus cells by vortexing in 2.0 mL SOF-H medium for 4 min. Embryos were washed three times in SOF-H, and twice in SOF for IVC (SOF-IVC) and transferred to 50 µL SOF-IVC culture drops supplemented with 1 mg/mL BSA under mineral oil (Specialty Media, Lavellette, NJ) and cultured at 100% humidity in a gas phase of 5% CO 2 , 5% O 2 and 90% N 2 at 38.5°C [20] . The cultured drops were supplemented with 4% FCS at 96 h post culture.
Vitrification protocol
Vitrification of oocytes was conducted using a nylon mesh holder (pore size 60 µm; Sefar America Inc., NY) as described [11] . A stepwise vitrification procedure [21] was adopted using an ethylene glycol, Ficoll, and sucrose (EFS40) vitrification solution. Oocytes after 15 h of maturation were washed three times with SOF-H and exposed for 7 min to 100 µL droplets of 10% (v/v) ethylene glycol, 4.5% (w/v) Ficoll-70 and 0.075 M sucrose in Ca ++ free modified Dulbecco's PBS. Next, oocytes were exposed for 2 min to 100 µL droplets of 20% (v/v) ethylene glycol, 9.0% (w/v) Ficoll-70 and 0.15 M sucrose in PBS, and finally they were immersed for 1 min in 100 µL droplets of 40% (v/v) ethylene glycol, 18% (w/v) Ficoll-70 and 0.3 M sucrose in PBS in 35 mm culture dishes. After equilibration, 20 to 25 oocytes were loaded onto the nylon mesh holder, which was placed on a single fold towel (Wausau paper, 22.9 cm× 25 cm, Harrodsburg Plant, Harrodsburg, KY) to remove excessive solution, immediately transferred to 2 mL pre-cooled cryovials and directly plunged into liquid nitrogen (LN2) within 40 to 60 sec. After 24 h of storage in LN2, the oocytes were ultra-rapidly warmed, by maintaining them in air for 5 sec and the cryoprotectants were removed in a stepwise manner. The nylon mesh was transferred from LN2 into 2.7 mL of the warm Ca ++ free PBS (37°C) in 20% FCS with a sequential series of 0.5, 0.25 and 0.125 M sucrose dilutions and by placing in each solution for 1, 2, and 3 min, respectively, and finally transferring into PBS (37°C) for 3 min in culture dishes. After warming, the nylon mesh was transferred into SOF-H medium. The adhered oocytes were separated from the mesh by gently flushing the oocytes with SOF-H drawn out of the pipette repeatedly and all of the oocytes were washed three times before they were transferred into TCM-199 for further maturation.
Assessment of oocyte survival
Oocytes with homogenous ooplasm, intact membranes, and zona pellucida post-thaw were designated as living oocytes [22] . Survival of vitrified-warmed oocytes was evaluated after 18 h in fertilization medium, 9 h after thawing. Cleavage (22 to 24 h after IVF), morula, and blastocyst formation rates (day 9) were used to assess their developmental competence [2] .
Statistical analysis
For experiments on the effect of vitrification on the developmental capacity of bovine oocytes and the sire influence on the post IVF outcome, data was analyzed by using the PROC MIXED in SAS (9.1). Cleavage and development rates were determined in this experiment. The effects included in the model were treatment (fixed effect), bull (fixed effect), follicle size (fixed effect), and the interactions between treatment and follicle size, sire and follicle size, sire and treatment, and sire by treatment by follicle size. Dependent variables were percentage of oocytes cleaved, percentage of morulae, and percentage of blastocysts. Percentage data was analyzed with and without the arcsine transformation to correct for problems of nonnormality associated with the analysis of percentage data. Data is presented as least squares means ± SEM, and differences between treatments were considered significant at P<0.05. Pearson and Rank correlations were conducted between ERCR estimates for the 4 bulls and the significant cleavage (vitrified and control) means. Similarly, correlations were estimated between ERCR and the significant blastocyst vitrified and control means, and the significant blastocyst means for oocytes from small and medium-sized follicles using the PROC CORR procedure of SAS.
Results

Morphological survival of oocytes and embryos
The survival of oocytes post-thaw and embryos after IVF was evaluated by morphological examination. The recovery of oocytes from both small and medium-sized follicles from the vitrification media was 99.3% of 1,968 initially equilibrated. The post thaw recovery from the nylon mesh was 98.7%. The results indicated that the vitrification treatment did not affect the proportion of the oocytes with intact morphology after warming as the survival rate after warming was 98.9%. The similarity of morphology of cumulus cells post vitrification and warming to controls following nylon mesh vitrification is shown in Fig. 1 . After IVF there was no difference (P>0.05) observed in the fragmentation of embryos formed from the vitrified (9.7%; n=1,968) versus control (9.3%; n = 1,685) oocytes based on their morphology.
Embryonic development
The developmental rates of embryos based on the total number of oocytes fertilized was significantly (P<0.05) affected by treatment (vitrified vs. control). The overall cleavage rates were significantly different (P<0.05) for the vitrified and control oocytes (39.1% vs. 58.5%). The rates of embryo development to the morulae (13.1% vs. 35.1%) and blastocysts (5.1% vs. 22.9%) were also significantly different (P< 0.05) between the vitrified and control groups, respectively. Follicle size of the oocytes had a significant (P<0.05) impact on the developmental rates of embryos from cleavage to the blastocyst stage. There was a 9.9% advantage in the cleavage rate for oocytes from mediumsized follicles compared to oocytes from small-sized follicles. While medium-sized follicle oocytes had an 11.8% advantage in the developmental rate to morula, the difference in the blastocyst rate was only 5.9% between the oocytes from medium-and small-sized follicles (Table 1) .
There was no interaction between treatment and follicle size of oocytes for cleavage rate; however, morula and blastocyst rates were significantly (P < 0.05) different (Table 1 ). The rate of development to the morula was 9.6% for vitrified oocytes from small-sized follicles and 16.6% for vitrified oocytes from medium-sized follicles in contrast to 26.9%, and 43.4%, respectively, for oocytes from control small-and medium-sized follicles. The vitrified oocytes from small-and medium-sized follicles resulted in 3.2 and 7.0% blastocyst rates, respectively, and the corresponding rates in control oocytes from small-and medium-sized follicles were 18.9 vs. 26.9%.
Sire influence on the in vitro embryonic development of vitrified oocytes
The cleavage and subsequent in vitro embryonic developmental rates showed variations among individual bulls (Fig. 2) . The overall cleavage rates for Bull I, II, III, and IV were 49.3, 55.0, 50.0, and 40.9%, respectively (P<0.05).
Both morula and blastocyst stages of development were different (P<0.05) among the bulls. The developmental rates to morulae were 26.4, 29.9, 23.4 and 16.7% for Bull I, II, III, and IV, respectively. The blastocyst developmental rates were 18.1, 17.9, 10.0, and 10.0%, respectively.
Treatment by sire interaction had a significant effect (P< 0.05) on the cleavage and blastocyst rate. Nonetheless, there was no significant interaction (P>0.05) between sire and oocyte follicle size for cleavage, but there was significant interaction (P<0.05) for blastocyst development ( Table 2) . The sire by treatment by follicle size interaction had no impact (P>0.05) on the development of the embryos.
Treatments significantly influenced cleavage and blastocyst developmental rates for Bull I. The cleavage rates were 39.9 and 58.7%, respectively, for the vitrified and control oocytes ( Table 2) . Bull I had the highest blastocyst development for vitrified oocytes (10.9%) and the corresponding rate for the control oocytes was 25.3%. Additionally, there was a significant effect (P<0.05) by the size of the follicle source on oocytes for the development to the blastocyst. The oocytes derived from small-sized follicles developed to 15.2% blastocyst in contrast to 20.9% for those derived from medium-sized follicles.
The Bull II had the highest cleavage rates for the control oocytes (69.3%). On the other hand, the cleavage rate of the vitrified oocytes using Bull II for IVF showed a pattern of development similar to that of Bull I, 40.8%; however the blastocyst development rate for the vitrified oocytes had a lower developmental pattern (6%). Bull II showed highest blastocyst (23.1%) development for the oocytes derived from medium-sized follicles, but the development for those derived from smaller follicles was lower (12.8%) than Bull I. The influence of Bulls III and IV for the first division following fertilization in both vitrified and control oocytes was similar to that of Bulls I and II, but further development was further reduced in both bulls for both vitrified and control oocytes.
A reduction in the blastocyst rates was observed in both Bull III and Bull IV for the vitrified and control oocytes. Bull III had 2.5 vs.17.4% blastocysts in vitrified and control oocytes, respectively, in contrast to 1 vs. 19.0% obtained in Bull IV. The significant impact of follicle size on blastocyst development in the Bull III and Bull IV was similar for both sizes. Oocytes from small-sized follicle had blastocyst rates of 8.3 and 7.9% in contrast to11.7 and 12.0%, respectively, for the oocytes from medium-sized follicles (Table 2 ). Our study did not observe overall correlations between ERCR estimates of the 4 tested bulls and the developmental rates of embryos.
Discussion
Effect of vitrification on bovine oocytes
Oocyte cryopreservation using nylon mesh vitrification resulted in high oocyte recovery, post warming survival, fertilization and blastocyst development. Vitrification and recovery of large numbers of cumulus-intact bovine oocytes in a closed system was successful. Yet, the overall cleavage and blastocyst rates were significantly lower for the vitrified oocytes than controls (Table 1) . Only 2 studies have used nylon mesh for vitrification of germinal vesicle bovine oocytes [11, 21] . In our study using Bull I for IVF resulted in the vitrified oocytes cleaving (39.9%) and developing into morula (18.4%) and blastocysts (10.9%) at a higher rate than other bulls. Still, cleavage rate and morulae and blastocysts yields were below that of control oocytes (58.7, 34.4, and 25.3%, respectively). We found increased developmental rates of embryos in contrast to others [11, 21] using nylon mesh. The cooling rate using precooled cryovials for vitrification might have had beneficial effects on the post thaw survival and embryonic development. Similar blastocyst rates were reported with matured oocytes (MII) that were vitrified with the cryoloop (10%) [23, 24] , but a lower rate was reported for OPS (5%) [24] and conventional straws (4.8%) [25] using MI stage oocytes.
Although we have not determined the cooling and warming rates, both are assumed high, because of the usage of pre-cooled cryovials, easy handling of nylon mesh for mounting and locating oocytes, and recovery of normal oocytes with little damage ( Fig. 1; Table 1 ). The presence of cumulus cells surrounding the oocytes is crucial for ensuring complete oocyte maturation and for developmental competence [26] . Yet, the unequal thickness and density of the cumulus cells may result in differences in cryoprotectant penetration. Nevertheless, cumulus cells are beneficial for protecting the oocytes against osmotic shock caused by rapid concentration or dilution of cryoprotectants and by providing a rigid structure around oocytes that prevents its morphological damage [27] . Our data supports these findings. A striking feature of our study was the retention of the cumulus cells after rewarming (Fig. 1) . Furthermore, 6 to 8 h of maturation is the stage at which the cumulus cells act as a crucial supportive and regulatory role in RNA synthesis [28] .
Follicle size had a significant impact on the development of embryos. Oocytes from small follicles (≤4 mm) developed at lower rates than oocytes from medium (4 to 10 mm) sized follicles whether or not they were undergoing vitrification or were just simply acting as controls. Follicle diameter and atresia, cumulus oocyte complex morphology, and oocyte diameter were the important non-invasive quality markers for oocyte competence. A clear correlation between follicle diameter and oocyte developmental competence was established in cattle [6] . In cattle, follicles with <3 mm diameters contain oocytes with a diameter under 110 µm, which are considered developmentally incompetent [29] and the proportion of competent oocytes increased greatly in follicles >8 mm diameter [30] . None of the studies reported were directed toward the cryotolerance potential of oocytes from different follicle sizes. Our results showed that 35.4, 9.6, and 3.2% vitrified oocytes from small-sized follicles were able to cleave and yield morulae and blastocysts, respectively, in contrast to 42.8, 16.6 and 7% of vitrified oocytes from medium-sized follicles. There was an interaction for morula and blastocyst development, showing a greater rate of decline in development for oocytes from small follicles compared to oocytes from medium-sized follicles.
Sire influence on in vitro embryonic development
The influence of sires on the in vitro cleavage, development to blastocyst of vitrified and control oocytes, and blastocyst development from small-and medium-sized follicles was revealed. A marked difference among bulls at the blastocyst stage development was recorded in earlier in vitro studies [14, 20] . Variations in IVF characteristics among bulls were reported [20] , but this is the first reported with vitrification of oocytes. Individual batches of bovine oocytes fertilized with the semen of different bulls vary between 0 and 36% in their capacity to produce embryos in vitro [18, 31] . Bulls of high fertility produced embryos that were more likely to develop to the blastocyst stage than bulls of lower fertility. Bulls can differ in embryo generating capacities, even if they display the same fertilization in vitro [32] . The ERCR is a phenotypic predictor of bull fertility, expressed as relative conception rate. It is estimated that a Bull with +2 or higher ERCR value would have an impact on fertility [33] . Bull I with +1 ERCR and Bull II with −3 ERCR showed higher cleavage and blastocyst rates than Bulls III and IV. Bull IV, with −3 ERCR, had a lower cleavage and blastocyst rate development than other bulls. Bull III with +2 ERCR showed a higher cleavage rate than Bull IV, but a similar blastocyst rate. Cornwell et al. [34] showed a high deviation in the ERCR values from time to time.
Although a correlation between IVF outcomes and bull fertility was found in the previous studies [13, 14] , our study did not observe correlations between ERCR estimates of the 4 tested bulls and the developmental rates of embryos. The discrepancy may be due to differences among bulls in fertilization rates [13] and in embryo cleavage and development to the morula and blastocyst stages [35] . We found little evidence that post IVF outcome provided a useful predictor of field fertility of bulls. Final conclusions on the usefulness of in vitro results will require work on a larger scale. Our study showed that nylon mesh vitrification resulted in high survival of vitrified oocytes, and allowed a reliable recovery of oocytes from liquid nitrogen. Follicle size for oocytes had a direct impact on the success of vitrification of oocytes as did the sire used for IVF. Additionally, no relation existed between post-IVF outcome and field fertility based on ERCR.
Toward this end, it is noteworthy that vitrification is beginning to enter the main stream of human assisted reproductive technology programs based on the protocols successfully applied to bovine oocytes and embryos. One of the important elements of quality control in stimulation for IVF in humans is follicular status. Although several human studies have suggested oocytes derived from larger follicles outperform oocytes originating from smaller follicles, correlation of cryotolerance with follicular size has not been characterized. This study enabled us to demonstrate potential outcomes of vitrification based on follicular size of oocytes. As bovine oocytes are more sensitive to the effects of cooling than human oocytes, the methods developed in the bovine should produce better results when adapted for humans. We suggest including follicle size of oocytes as a criterion in qualifying human follicles and oocytes for cryopreservation rather than subjecting the entire cohort to cryopreservation.
